Abstract. Clarifying the relationship between environmental context and the adaptive significance of floral traits is fundamental for an understanding of spatial and temporal variation in pollinator-mediated selection. We manipulated vegetation height and pollination regime of the orchid Dactylorhiza lapponica in a factorial design to test whether pollinatormediated selection on floral traits is stronger in tall than in short vegetation, and whether this difference is larger for visual traits affecting pollinator attraction than for traits affecting pollination efficiency. In tall vegetation, pollinators mediated strong selection for taller plants (change in selection gradient for pollination, Db poll ¼ 0.33), more flowers (Db poll ¼ 0.34), and longer spurs (Db poll ¼ 0.42). In short vegetation, there was no significant selection on plant height, and pollinator-mediated selection on number of flowers and spur length was reduced by 52% and 25%, respectively. The results demonstrate experimentally that vegetation context can markedly influence the strength of pollinator-mediated selection on visual display traits, and indicate that this effect is weaker for traits affecting pollination efficiency. The study illustrates how crossed manipulations of environmental factors can reveal the causal links between ecological context and selection on floral traits.
INTRODUCTION
Determining the mode and strength of phenotypic selection in natural populations has been the subject of sustained interest since the publication of Lande and Arnold (1983) , and several reviews synthesizing available data have emerged in recent years (Kingsolver et al. 2001 , Harder and Johnson 2009 , Siepielski et al. 2009 . A recurring conclusion has been that, despite a large number of selection estimates, we still know surprisingly little about the ecological causes of selection (MacColl 2011 , Kingsolver et al. 2012 . Studies that manipulate environmental factors to reveal the agents of selection are still rare, and the identification of major selective agents and their variation across environmental gradients will be fundamental to advance our understanding of selection in the wild (MacColl 2011) .
Biotic interactions often constitute important elements of the selection regime, and the pollination environment is one biotic factor that has been subject to manipulations in several studies of phenotypic selection in natural plant populations (Galen 1996 , Fishman and Willis 2008 , Sandring and Å gren 2009 , Caruso et al. 2010 , Parachnowitsch and Kessler 2010 , Sletvold and Å gren 2010 , Sletvold et al. 2010a , Bartowska and Johnston 2012 . Pollinators have been experimentally identified as agents of selection both on traits likely to be involved in pollinator attraction and on traits affecting pollination efficiency, but the proportion of selection that can be attributed to pollinators varies among traits (Sletvold et al. 2010a (Sletvold et al. , 2012 . There may also be considerable spatiotemporal variation in the strength of pollinator-mediated selection on a given trait (Sletvold and Å gren 2010) , suggesting that manipulations of both the pollination environment and other putative selective factors are required to understand variation in selection on floral traits.
The impact of environmental context on selection on floral traits may differ between traits affecting pollinator attraction and traits affecting pollination efficiency. Visual display traits such as inflorescence height, number of flowers and flower size are expected to influence plant attractiveness to pollinators, and the importance of such traits should depend on the density and height of the surrounding vegetation. Because the effect of floral display on pollination success should be stronger, pollinator-mediated selection on visual display can be expected to be stronger in tall vegetation than in short vegetation (Ehrle´n et al. , Å gren et al. 2006 . In contrast, the adaptive significance of floral traits influencing the efficiency of pollination should not be related directly to variation in vegetation context, unless 3 E-mail: nina.sletvold@ebc.uu.se differences in vegetation are associated with differences in the morphology or flower-handling behavior of pollinators. However, the strength of selection is a result of both the correlation between trait and fitness and the variance in relative fitness, i.e., the opportunity for selection (Endler 1986 ). Pollinator visitation rate to short herbs can be expected to be higher in short compared to tall vegetation. This is likely to result in reduced pollen limitation and lower variation in relative fitness, and therefore also in weaker pollinator-mediated selection in general. Some studies indicate that vegetation context influences selection on visual display. For example, the strength of pollinator-mediated selection on inflorescence height in the deceptive orchid Cypripedium acaule varied among microhabitats that differed in surrounding vegetation (O'Connell and Johnston 1998) , and amongpopulation variation in seed predator-mediated selection on floral display in the perennial herb Primula veris was related to variation in canopy cover (Leimu et al. 2002, Kolb and Ehrle´n 2010) . However, vegetation context must be manipulated to be unambiguously linked to variation in selection (cf. Wade and Kalisz 1990) , and to quantify how selection mediated by a specific agent depends on vegetation context, crossed manipulations are necessary (e.g., Å gren et al. 2006).
The deceptive bumble bee-pollinated orchid Dactylorhiza lapponica experiences pollinator-mediated selection on traits expected to affect pollinator attraction (plant height and number of flowers) and pollination efficiency (spur length; Sletvold et al. 2010a) , and manipulations of number of flowers and spur length have demonstrated that both traits are direct targets of selection (Sletvold and Å gren 2011a) . In this study, we manipulated vegetation height and pollination regime in a factorial design, to test the following hypotheses: reduced vegetation height decreases (1) pollen limitation and (2) the strength of pollinator-mediated selection and (3) the decrease in strength of pollinator-mediated selection is larger for traits influencing pollinator attraction (plant height and number of flowers) than for traits influencing pollination efficiency (spur length).
MATERIAL AND METHODS

Study species and site
Dactylorhiza lapponica (Laest. ex Hartm.) Soo´(Orchidaceae) is a long-lived, non-clonal terrestrial orchid, occurring in Fennoscandia, Scotland, and alpine areas in Central Europe. In Fennoscandia, D. lapponica is restricted to open lawn communities in calcareous fens and springs in the boreal vegetation zone. Plants emerge in late May-early June, and flowering individuals produce a single 7-30 cm tall inflorescence with ;2-25 cerise, short-spurred flowers without nectar production. The pollination system is generalized food deception, and pollen transfer efficiency in the study population has been estimated to 12% (Sletvold and Å gren 2011a) . Flowers open from the base of the inflorescence and upward. Dactylorhiza lapponica is self-compatible, but depends on pollinators for successful fruit set (N. Sletvold, unpublished data). Low levels of fruit set are common (20-30%; Sletvold et al. 2010b ).
The present study was conducted in a population of approximately 800 flowering individuals located at Ta˚gdalen, ;450 m above sea level in central Norway (63803 0 N, 9805 0 E; see Sletvold et al. [2010a, b] for a more detailed description of the study site). The population flowers during three to four weeks from mid to late June. At the site, the maximum height of the vegetation increases from ;15-30 cm during the D. lapponica flowering period but, throughout the flowering period, there is considerable spatial variation both in vegetation height and density. The vegetation height in the immediate vicinity of D. lapponica individuals (within 15 cm) ranges from less than 2 cm to the maximum recorded at the site throughout the flowering season. The study population is pollinated by worker bees of the species Bombus pascuorum and B. lucorum, and fruit production and fruit mass are strongly pollen limited (Sletvold et al. 2010a ).
Field experiment
To examine the effects of vegetation height on pollinator-mediated selection, we manipulated vegetation height and pollination regime in a factorial design (tall vs. short vegetation, open-pollinated control vs. supplemental hand pollination, respectively).
In late June 2012, a total of 480 plants with flower buds were haphazardly chosen and individually tagged. We randomly assigned 120 plants to each of the four treatment combinations in the factorial experiment. For each plant, we recorded start of flowering (reported as day of year) and plant height to the nearest millimeter (distance from the ground to the topmost flower) on the day the first flower opened. On one of the two lowermost flowers on each individual, we measured spur length (distance from corolla to spur tip) and maximum corolla width and height to the nearest 0.1 mm with digital callipers. Corolla size was quantified as the product of width and height. We noted the total number of flowers at the end of the flowering period. In the shortvegetation treatment, we cut all the vegetation within 15 cm of the focal plant to about 2 cm above the ground (see Plate 1). The cutting treatment was repeated weekly during the flowering period. In the hand-pollination treatment, all flowers were cross-pollinated by rubbing one or two pollinia across each stigma, saturating the surface with pollen. We collected pollinia from within the group of plants receiving supplemental hand pollination, but also from plants not included in the experiment. During its flowering period, a handpollinated plant received pollen from multiple donors. At fruit maturation, we recorded the number of mature fruits produced and harvested up to three mature fruits spread across the inflorescence to determine mean fruit mass for each plant. Fruit mass is positively correlated with number of seeds with embryos in D. lapponica (Sletvold et al. 2010a) . For each plant, we estimated female fitness as the product of number of fruits and mean fruit mass. We quantified pollen limitation as 1 À (mean female fitness of open-pollinated control plants=mean female fitness of hand-pollinated plants).
Plant height (one-way ANOVA; F 3, 449 ¼ 0.27, P ¼ 0.85), number of flowers (F 3, 449 ¼ 0.42, P ¼ 0.74), corolla size (F 3, 449 ¼ 0.10, P ¼ 0.96), spur length (F 3, 449 ¼ 0.40, P ¼ 0.76) and flowering start (F 3, 449 ¼ 0.69, P ¼ 0.56) did not differ between the four treatment groups.
Statistical analyses
We used two-way ANOVA to examine the effects of vegetation height (tall vs. short), pollination treatment (open-pollinated control vs. supplemental hand pollination) and their interaction on number of fruits, mean fruit mass and female fitness. In these models, a significant interaction term between vegetation height and pollination treatment demonstrates that the strength of pollen limitation depends on vegetation height. Number of fruits and female fitness were squareroot transformed to improve normality of residuals.
Selection was estimated following Lande and Arnold (1983) , using multiple regression analyses with relative female fitness (individual fitness divided by mean fitness) as the response variable and standardized trait values (with a mean of 0 and a variance of 1) as explanatory variables. Fitness was relativized and traits were standardized separately for each treatment. To limit model complexity in analyses of treatment effects, we only included linear selection gradients.
We used ANCOVA to determine whether vegetation height and pollination treatment influenced linear selection gradients. The model included relative fitness as the dependent variable and the five standardized traits (plant height, number of flowers, corolla size, spur length, and start of flowering), vegetation height (tall vs. short), pollination treatment (open-pollinated control vs. hand pollination), and trait 3 vegetation height, trait 3 pollination treatment and trait 3 vegetation height 3 pollination treatment interactions as independent variables. In this model, a significant trait 3 pollination treatment interaction indicates pollinator-mediated selection, while a significant three-way interaction term demonstrates that the strength of pollinator-mediated selection depends on vegetation context. Because a statistically significant three-way interaction was detected, we further tested the effect of pollination treatment on selection gradient estimates separately for each vegetation height, and the effect of vegetation height separately for each pollination treatment. 
RESULTS
Pollen limitation
Female fitness of hand-pollinated plants was significantly higher than that of open-pollinated plants in both vegetation treatments, and pollen limitation was stronger in tall vegetation (significant vegetation 3 pollination interaction; Fig. 1c ; Appendix: Table A1 Both components of female fitness, fruit production and fruit mass, were pollen limited in both vegetation treatments, and the effect of pollination treatment on fruit production was significantly stronger in tall compared to short vegetation (significant vegetation 3 pollination interaction; Fig. 1a and b; Appendix: Table  A1 ). Supplemental hand pollination increased the number of fruits and fruit mass by 183% and 43% in tall vegetation, and by 101% and 38% in short vegetation, respectively.
Pollinator-mediated selection
There was significant selection on floral display and spur length in both vegetation treatments, and vegetation height influenced the strength of selection on floral display. In tall (intact) vegetation, there was directional Table A1 for details).
* P , 0.05; ** P , 0.01; *** P , 0.001; NS, not statistically significant.
selection for taller plants with more flowers and longer spurs (open-pollinated control plants; Fig. 2a ). Pollinators contributed significantly to selection on all three traits (significant pollination 3 trait interactions in ANCOVA; plant height F 1, 219 ¼ 3.98, P ¼ 0.047; number of flowers F 1, 219 ¼ 3.87, P ¼ 0.050; spur length F 1, 219 ¼ 9.26, P ¼ 0.0026), and accounted for 89% of the observed selection on plant height, 45% of the selection on flower production, and all selection on spur length (Fig. 2a, c) . In short vegetation, there was directional selection for more flowers and longer spurs, but no significant selection on plant height (open-pollinated control plants; Fig. 2b ). (Fig. 2b, c) . The strength of pollinator-mediated selection on flower production and spur length was reduced by 52% and 25%, compared to estimates from intact tall vegetation (Fig. 2c) . 
DISCUSSION
The importance of visual floral traits for pollinator attraction should depend on vegetation context, and the present study demonstrates that vegetation height markedly influences the strength of pollinator-mediated selection on floral display in the deceptive orchid Dactylorhiza lapponica. Experimental reduction of the height of the surrounding vegetation to a level corresponding to that in patches of low vegetation removed all selection on plant height, and reduced the strength of pollinator-mediated selection on number of flowers by 52%. The results show that the importance of pollinators as selective agents on floral traits can be affected strongly by vegetation context.
Vegetation context can influence pollinator-mediated selection by affecting the importance of floral display for pollination success, but also by affecting the overall rate of pollinator visitation and pollen limitation. As expected, the strength of pollinator-mediated selection on spur length tended to be less strongly affected by vegetation context than the strength of selection on display traits. Spur length affects the mechanical fit between flower and pollinator (Nilsson 1988 , Johnson and Steiner 1997 , Boberg and Å gren 2009 , Sletvold and Å gren 2011a , and vegetation height should have no * P , 0.05; ** P , 0.01; *** P , 0.001. direct effect on this relationship. The observed 25% reduction in pollinator-mediated selection on spur length in short compared to tall vegetation can instead probably be explained by a higher rate of pollinator visitation and weaker pollen limitation in short vegetation. The strength of pollinator-mediated selection through female fitness should decrease with decreasing pollen limitation (Ashman and Morgan 2004) , and the experimental reduction in vegetation height reduced the degree of pollen limitation by 11%. In short vegetation, mean female fitness was 25% higher and the variance in relative fitness was 77% lower compared to tall vegetation, which should have reduced the opportunity for selection on all traits (cf. Endler 1986) . The results are consistent with the hypothesis that vegetation height should influence selection on visual display particularly strongly, but that it may also affect the strength of pollinator-mediated selection more generally because of effects on pollen limitation and the opportunity for selection.
Pollinator-mediated selection on number of flowers was less strongly affected by vegetation context than was pollinator-mediated selection on plant height. There may be at least a couple of reasons why number of flowers is more important than plant height for pollination success in short vegetation. First, many flowers may signal a larger reward to naı¨ve flower visitors. Second, if scent is involved in pollinator attraction, the quantity of scent emitted is likely to be related to the number of open flowers. Dactylorhiza lapponica is not known to produce any scent, but experiments are required to determine conclusively the relative importance of olfactory and visual traits for pollination success in this system. This study demonstrated experimentally that the strength of selection on floral display in D. lapponica depends on vegetation height, and that differences in selection between short and tall vegetation can be attributed largely to reduced pollinator-mediated selection in the former treatment. There is substantial among-population variation in the pollinator-mediated proportion of selection on floral display in the orchids D. lapponica (N. Sletvold and J. Å gren, unpublished data) and Gymnadenia conopsea, Å gren 2010, Sletvold et al. 2012; N. Sletvold and J. Å gren, unpublished data) , and the present results suggest that variation in vegetation height may contribute to this variation. Moreover, small-scale variation in vegetation height and density is not uncommon within D. lapponica populations, suggesting that the strength of selection may vary also within populations. Spatial variation in selection on floral traits has been associated with numerous abiotic and biotic factors (reviewed in Harder and Johnson 2009) , and several studies indicate that selection is affected by community context. In the presence of Castilleja linariaefolia, selection on floral traits in Ipomopsis aggregata was shaped by competition for pollination (Caruso 2000) . Selection on plant height in Cypripedium acaule varied with the proximity of ericaceous shrubs (O'Connell and Johnston 1998) , and selection on flowering phenology in the herb Campanulastrum americanum was contingent on shaded areas in the population (Kilkenny and Galloway 2008) . Amongpopulation variation in selection on inflorescence height in Primula veris was linked to variation in canopy cover via effects on seed predation (Kolb and Ehrle´n 2010) . Finally, in one of the few previous studies to manipulate two ecological factors simultaneously, Moeller and Geber (2005) showed that traits promoting reproductive assurance in Clarkia xantiana were favored in small populations isolated from congeners, but not in large populations or when congeners were present. To summarize, both experimental and correlative approaches suggest that spatial variation in vegetation context may often be associated with differences in the strength of selection on floral traits.
Patterns of selection on floral traits may differ between sex functions in hermaphroditic plants (Hodgins and Barrett 2008). We did not quantify effects of vegetation context on selection via male fitness in D. lapponica, but earlier results suggest that pollen deposition and pollen removal are closely correlated (Sletvold and Å gren 2011; N. Sletvold, unpublished data) . It is thus likely that selection estimates based on pollen removal would parallel those via female function, and that the strength of selection also via male fitness is reduced in short vegetation.
With the experimental protocol employed, it is not possible to distinguish effects of vegetation height from those of reduced density of co-occurring, insect-pollinated plants in the immediate vicinity of focal individuals. The flowering of D. lapponica overlaps that of the rewarding Bartsia alpina L. and Pedicularis palustris L., which occur at the study site at rather low densities, and with which D. lapponica shares pollinators. Because D. lapponica is a food-deceptive orchid, removal of rewardproducing plants can be expected to increase rather than decrease the level of pollen limitation (cf. Johnson et al. 2003) . The observed reduction in pollen limitation in short vegetation compared to tall vegetation thus suggests that the effects of reduced vegetation height per se dominated over any reduced facilitation mediated by closely located rewarding plants.
Vegetation removal could lead to increased resource availability through a reduction in interspecific competition (Leger and Rice 2003) . In the perennial herb Primula farinosa, simulated grazing of surrounding vegetation increased seed output mainly through increased resource availability, rather than through effects on pollen limitation (Å gren et al. 2006) . In contrast, cutting of the surrounding vegetation did not increase seed output of D. lapponica plants receiving supplemental hand pollination. This suggests that vegetation removal had minor effects on resource availability, or that female fitness was not resource limited, at least not in the year of study. Fruit set of supplementally handpollinated plants has been high during three years in the study population (94-98%; N. Sletvold, unpublished data), indicating that prevailing resource levels allow maximal fruit set. However, reproductive costs have been documented in several orchids (Snow and Whigham 1989 , Primack and Stacy 1998 , Sletvold and Å gren 2011b , suggesting that the strong increase in reproduction may trade off against future survival and reproduction in D. lapponica, potentially influencing selection on floral traits.
Understanding adaptive evolution requires insight in the phenotypic traits subject to selection and the ecological factors that cause selection, something that remains a challenge in most systems (MacColl 2011) . The present study demonstrates that crossed manipulations of environmental factors can provide a quantitative understanding of how the importance of a given selective agent varies with environmental context, and we suggest that such experiments will be particularly useful for improved insights in the causes of natural selection. 
